Object. Low-grade gliomas (LGGs) are indolent tumors that have the potential to dedifferentiate into malignant high-grade tumors. Recent studies have demonstrated that cerebellar low-grade tumors have a better prognosis than supratentorial tumors, although no study has focused on the risk factors for poor prognosis in cerebellar LGGs in adults. The authors of the current study aimed to address both of these concerns by using a large cohort derived from a national cancer registry and a smaller cohort derived from their institution's experience.
D
etermining the optimal treatment strategy for WHO Grade I and II gliomas, collectively referred to as LGGs, has been a goal of the neurosurgical research community since 1926 when Baily and Cushing 1 first correlated prognosis with the histological appearance of the glioma. The following 80 years of clinical experience and research revealed that these tumors are relatively indolent, growing at approximately 4 mm per year on average, 16, 17 and that patients with LGGs have a significantly higher survival rate than patients with higher-grade gliomas such as WHO Grade IV malignant glioblastoma multiforme. 8, 18, 20 However, LGGs are a serious pathological entity because of where they can occur and their potential to dedifferentiate into malignant glioma. 12, 23 Although some authors have advocated a conservative watchful waiting approach to LGGs, 3, 4 there is growing consensus that GTR soon after presentation produces the greatest benefit for progression-free and overall survival. 7, 11, 13, 14, 19, 22 Not all LGGs are identical, however. Studies have focused on how prognosis may differ among LGGs with different growth rates, histological characteristics, presenImproved survival in the largest national cohort of adults with cerebellar versus supratentorial low-grade astrocytomas tations, and locations. 6, 16, 17, 21, 24, 26, 27 The majority of extant research on these tumors in adults has focused on supratentorial examples, although some authors have suggested that LGGs of the cerebellum may have a different presentation and prognosis. 9, 11, 24 Unfortunately, previous work examining cerebellar gliomas either has been focused on the pediatric population, in which these tumors are much more common, or has included very few cases. Thus, the ways in which cerebellar LGGs differ from supratentorial cases remain largely uncharacterized in adults.
In the current study we attempted to clarify the clinical characteristics of cerebellar LGGs by using 2 data sources: a national cohort of adults with cerebellar LGGs from the SEER database and a single-institution cohort of adults with cerebellar LGGs treated at Duke University. The national SEER database allowed us to determine whether established risk factors for prognosis in supratentorial LGGs, such as patient age, tumor grade, and extent of resection, behave similarly in cerebellar cases. Our institutional cohort allowed us to describe a variety of features of cerebellar LGGs that would be impossible to study using the available national database, which does not include information on patient presentations and responses to various therapies. Specifically, we were interested in describing ways in which patients with these tumors present and respond to treatment.
Methods

National Cohort
We used data from the SEER 18 Registries of the US National Cancer Institute SEER database (http://seer.can cer.gov). This comprehensive database, which is the gold standard for cancer registries, includes 28% of the population. 15 Patients with pilocytic astrocytoma were selected using the ICD-O-3 code 9421; these patients constituted our Grade I cohort (GIA). Patients with astrocytoma NOS and fibrillary astrocytoma were selected using the ICD-O-3 codes 9400 and 9420, respectively. Note that no cases of gemistocytic or protoplasmic astrocytomas in the cerebellum were found in the SEER database. We excluded from this group any patient who did not explicitly have a Grade II astrocytoma, since some higher-grade tumors were categorized as astrocytoma NOS. Patients in the remaining group composed our Grade II cohort (GIIA). The final cohorts were further defined by including only those patients who were 18 years of age and older and those with a primary tumor site in the cerebellum (site code C71.6). We excluded patients without pathological confirmation, those with multiple cancers, and those who were not active follow-up cases because their information was largely recorded at autopsy or on death certificates. We determined the location of the tumors with site codes C71.1, C71.2, C71.3, C71.4, and C71.6, which denoted frontal, temporal, parietal, occipital, and cerebellar locations, respectively. Using these codes, we dichotomized the Grade I and Grade II cohorts into cerebellar and supratentorial groups. The patients with supratentorial
LGGs in the SEER database have been described in detail elsewhere. 7 These patients-60 adults with supratentorial Grade I gliomas and 1875 adults with supratentorial Grade II gliomas-are included in the current study only as an established comparison group to evaluate the association between cerebellar location and survival.
Local Cohort
A consecutive series of patients with cerebellar LGGs was created by searching our institution's pathology records for any patient with a histological diagnosis of pilocytic astrocytoma and fibrillary astrocytoma as an adult between 1994 and 2011. Patient demographic factors, such as sex, race, and age, were collected and recorded, as were the presenting symptomatology, surgical approach, and intervals between diagnosis, treatment, and last follow-up.
Statistical Analysis
Patient, tumor, and treatment characteristics were evaluated including age, sex, race, tumor size, and use of surgery and radiation therapy. Kaplan-Meier analysis was performed to assess overall survival, with the log-rank test used to evaluate differences between survival curves. Univariate and bivariate analyses were performed to determine the effect of various patient, tumor, and treatment variables on overall survival. Multivariate Cox proportional hazard models were used to calculate hazard ratios and 95% confidence intervals to investigate independent predictors of overall survival. Case-level data were concatenated and analyzed using SAS 9.3 (SAS Institute, Inc.), and a p value of 0.05 was used as the threshold of statistical significance.
Results
National Cohort
The SEER national cohort contained 71 patients with cerebellar GIAs and 95 patients with cerebellar GIIAs (Table 1) . Patients with GIAs were typically younger than those with GIIAs (p < 0.01). The most noticeable difference in age distribution occurred in the 18-to 20-year range (29% of GIA vs 13% of GIIA, p < 0.01). The 2 groups had a similar race distribution (p = 0.16), with white patients composing a majority in each group. There was no significant sex distribution difference between the GIA and GIIA groups (p = 0.15). While the data for tumor size was unavailable for a large proportion of patients (45% of GIA and 79% of GIIA), available data revealed that the median tumor size, 30 mm, was exactly the same in each group. The majority of both groups underwent resection (96% and 87% of GIA and GIIA, respectively; p = 0.06), with GTR being achieved at twice the rate in GIA as in GIIA (54% vs 21%), although information on the extent of resection was missing for 43% of patients with GIIA. In contrast to the GIA group, in which only 3% of patients received radiation, 48% of patients in the GIIA group received radiation as part of their initial treatment.
One year after diagnosis, 97% and 92% of patients in the GIA and GIIA groups, respectively, were still alive (Table 1) . Five years after diagnosis, survival in the GIA group was 91%, while in the GIIA group it was 69.5%. Ten-year survival in the GIA and GIIA groups was 90% and 64%, respectively. These differences in the survival rate between GIA and GIIA were significant at 5 and 10 years (p < 0.001). Several factors were significant predictors of survival when multivariate Cox proportional hazard models were used to control for the confounding effects of age, race, sex, radiation therapy, use of resection as treatment, and tumor grade ( Table 2) . Patients with an age ≥ 40 years were 7.3 times more likely to die than patients younger than 40 years (95% CI 3.55-15.00, p < 0.0001; Fig. 1 ). After 2 years, no one in the group younger than 40 years of age died, whereas the cohort 40 years old and older continued to experience a significant death rate.
Females had a 72% decreased risk of death compared with males (HR 0.28, 95% CI 0.14-0.59, p < 0.001; Fig.  2 ). While there was no statistically significant difference in death rates among the racial groups examined, there was a trend toward decreased survival in the nonwhite groups (p = 0.08 for black patients, p = 0.07 for patients of another race, both compared with white patients). Finally, the mortality risk in patients with GIIAs was more than double the risk in patients with GIAs (HR 2.76, 95% CI 1.12-6.84, p = 0.028).
Given that there was a clear difference in survival by tumor grade, we wanted to see how this difference was affected by a supratentorial location (Fig. 3) . The log-rank test revealed that the difference in survival was not significantly different for pilocytic astrocytomas that were cerebellar or supratentorial in location (p = 0.21). This finding is in stark contrast to the decreased survival rate in patients with supratentorial GIIAs compared with that in patients with GIIAs in a cerebellar location (p < 0.0001).
To evaluate the factors that may be driving this substantial difference in survival between supratentorial and cerebellar GIIAs, we compared these groups on a number of demographic, tumor, and treatment characteristics (Table 3) . Patients with supratentorial Grade II gliomas tended to be older than those with cerebellar tumors (mean 41 vs 34 years, p < 0.001). Although a substantial number of patients in the SEER database lacked information about the size of their tumors, a comparison of available data revealed that supratentorial Grade II gliomas were significantly larger than gliomas occurring in the cerebellum (40 vs 30 mm, p < 0.01). In addition, a much larger proportion of supratentorial Grade II gliomas were not treated with resection (33% of supratentorial GIIA vs 13% of cerebellar GIIA, p < 0.0001), and many more patients with supratentorial GIIA tumors received postoperative radiation (63% of those with supratentorial GIIAs vs 48% of those with cerebellar GIIAs, p < 0.01).
Local Cohort
Our institutional cohort of adults with cerebellar WHO Grade I and II low-grade astrocytomas consisted of 5 25 patients. After excluding those not followed up by our institution (2 patients), those whose tumor origins could not be definitively classified as cerebellar (5 patients), and those whose tumors were first diagnosed when they were children (6 patients), the final cohort contained 12 adults, 11 of whom were treated for newly diagnosed tumors (Table 4). The median age at diagnosis was 28 years, with a range from 18 to 67 years. As in the national cohort, there was a predominance of white patients (72%). In contrast to the national cohort, however, our patients included many more women than men (82% female). All cases in the local cohort involved GIAs. The predominant presenting symptom was headache, occurring in 73% of the sample, followed by dizziness/vertigo, which was present in 27%. The interval between symptom onset and diagnosis ranged from 1 month to 20 years. The mean time from diagnosis to treatment was 1.5 months, and the most common treatment was GTR (8 cases), followed by STR (2 cases), and only 1 patient underwent biopsy. Despite more than 13 years of total follow-up for the entire cohort (follow-up range 1-34 months), there was not one incident of progression or recurrence. One of the patients in our cohort was seen at our institution for the treatment of a recurrent cerebellar low-grade astrocytoma.
Discussion
Data from this large national cohort reinforce prior assumptions that low-grade astrocytomas in the cerebellar region have a better prognosis than those located in supratentorial areas. Our findings clarify this understanding by defining the degree to which accepted risk factors, such as patient age and tumor grade, are influenced by a cerebellar lesion location. In addition, we describe the ways in which a cerebellar location for LGGs affects the clinical presentations and courses of adults with these tumors. We used 2 cohorts in our study: a local singleinstitution cohort of adults with cerebellar low-grade astrocytomas and a national cohort derived from the SEER database. In the national cohort, we found that although patients with Grade I and Grade II cerebellar astrocytomas resembled one another demographically, the patients with the Grade II gliomas were half as likely as those with Grade I astrocytomas to undergo GTR, probably because pilocytic astrocytomas are typically well circumscribed, easily resectable lesions, whereas Grade II astrocytomas can be more infiltrative ( Table 1) . As a consequence, almost half of the patients with Grade II astrocytomas had a course of postoperative radiation, since those who undergo STR are at higher risk for disease progression. 13 Some studies have demonstrated that radiation therapy increases progression-free survival but not overall survival. 13, 25 However, a study of 179 supratentorial low-grade astrocytomas suggested that patients with certain risk factors, such as age ≥ 40 years and treatment with STR, had a longer overall survival when they were treated with radiation. 19 Thus, there may be subpopulations within the general low-grade astrocytoma population whose overall survival would benefit from radiation therapy. In our study, patients in the GIIA group who underwent STR and received radiation did have a nonsignificant trend toward increased survival (p = 0.43, logrank test, data not shown). We were unable to ascertain the exact indications used to treat patients with radiation therapy in the national cohort.
As is the case for patients with other posterior fossa tumors, the local cohort with cerebellar low-grade astrocytomas typically presented with symptoms worrisome for obstructive hydrocephalus. While up to 80% of supratentorial cases will have associated seizures, the predominant symptom described by our patients was headache (Table 4) . 26 There was a large range for the prediagnosis chronicity of symptoms. Five of the 11 patients had symptoms lasting fewer than 5 months. Approximately half of the patients with cerebellar astrocytoma in our sample enjoyed some degree of symptomatic relief after their operations. Gross-total resection was possible for most of the patients, and STR or biopsy was largely determined by whether the tumor infiltrated the cerebellar peduncle and brainstem. Among the 11 cases, 2 tumors originated from the vermis, and those originating from the cerebellar hemispheres showed no obvious side preference. Three postoperative complications occurred including 1 wound infection, 1 pseudomeningocele, which did not require further surgical intervention, and 1 case of multiple small asymptomatic infarcts throughout the brain on postoperative MRI. After a mean follow-up interval of 15 months, there were no cases of progression and only 1 death, which occurred in a patient who had undergone STR, although the cause of death is unknown.
Data in the current study revealed a number of factors that increased the risk of death in adults with cerebellar low-grade astrocytomas. The most significant risk factor identified was an age ≥ 40 years (Table 2 ; Fig. 1) . Simply crossing the 40-year age threshold increased the risk of death by more than 7 times in adults with lowgrade astrocytoma, even after controlling for sex, race, tumor grade, resection, and use of radiation therapy. This risk factor has been identified in a number of studies focused on supratentorial gliomas. 7, 11 The difference in survival, compared with that in older patients, may be related to biologically more aggressive tumors, consistent with increased anaplasia on histological analysis according to some authors, 2 and nontumoral factors, such as a higher comorbidity burden in older patients. A patient's sex was also determined to be a powerful risk-modifying factor. Adult females with cerebellar low-grade astrocytomas were 40% less likely to die than their male counterparts. This relationship has been described before in patients with supratentorial LGGs, although the reasons for this are still unclear. 7 Interestingly, a systematic review of cerebellar astrocytomas of all grades from the pre-MRI era demonstrated no sex difference in survival, which suggests that early detection may play a role as well. 10 Perhaps the most striking finding in our study is that a cerebellar location plays a clear role in the prognosis for Grade II astrocytomas in adults. Other studies have demonstrated that patients with cerebellar LGGs as a whole have more favorable survival rates than similar patients with supratentorial tumors. 11 When we stratified patients by tumor grade and then examined the effect of lesion location, we found that the driving force behind the previous- ly observed improved survival of patients with cerebellar tumors was the enormous difference in survival between those with supratentorial and those with cerebellar Grade II astrocytomas. At 10 years after diagnosis, only about 40% of patients with supratentorial Grade II tumors had survived, whereas more than 60% of patients with cerebellar Grade II tumors were still alive. Moreover, the death rate in the supratentorial Grade II group was largely constant, with a linear portion of the Kaplan-Meier survival curve in the period after 10 years of follow-up. In contrast, after 10 years of follow-up, the cerebellar Grade II group had strikingly few deaths. It is impossible to say at this point whether this finding is attributable to differences in recurrence or malignant transformation.
To better address the potential causes for the large difference in survival patterns between patients with supratentorial and those with cerebellar Grade II gliomas, we examined a number potential demographic, tumorassociated, and treatment factors (Table 3) . While the 2 groups had significantly different age distributions, we do not believe that this difference could be a large driver of the distinct observed survival rates, since the bulk of the age disparity was attributable to a much larger young adult population in the cerebellar GIIA cohort. The 2 factors that appeared to have the greatest potential influence on survival were tumor size and the use of resection for treatment. Both supratentorial and cerebellar Grade II astrocytoma groups had a similar rate of GTR and STR. However, many fewer patients with supratentorial Grade II gliomas underwent resection than those with cerebellar Grade II gliomas (67% of supratentorial vs 87% of cerebellar, p < 0.0001). The reason for this difference is unclear but probably attributable to the fact that the Grade II gliomas in the supratentorial region were 10 mm larger at presentation than those in the cerebellum. Their increased size and consequently the increased chance for involvement of eloquent cortex probably dissuades many surgeons from pursuing resection in these patients. While the use of awake brain mapping to preserve functional cortex has been demonstrated to improve extent of resection and survival, many who treat patients with these tumors do not regularly use this technique. The reluctance to use resection in the treatment of these patients is probably a large driver in the survival disparity between supratentorial and cerebellar Grade II gliomas.
At least 2 other possibilities exist for the observed difference in survival between adults with cerebellar and those with supratentorial astrocytomas. First, incidentally found astrocytomas-defined by Potts et al. 21 and Pallud et al. 17 as "a finding on imaging that was obtained for a reason not attributable to the glioma, such as trauma or headache"-tend to have a better prognosis. Potts and colleagues 21 recently reported that patients with incidental supratentorial LGGs have a significantly higher rate of survival. Since the diagnosis in the majority of patients in the local cohort was rendered during a workup for headache, it is likely that the proportion of incidental tumors (using the above definition) is much greater among cerebellar gliomas than among supratentorial ones, in which seizures are a common presenting symptom. Second, it is possible that Grade II astrocytomas in the cerebellum have a lower rate of malignant dedifferentiation than supratentorial examples, although there is no evidence to support this possibility at the moment. Further studies are clearly warranted to address these various theoretical causes of this phenomenon.
This study represents the largest analysis of the risk factors determining survival in adults with cerebellar lowgrade astrocytomas. In the adult population, these tumors are rare entities, so previous research has either focused on the pediatric population or included very few patients. By using the SEER database, we were able to create a large national cohort of patients and decrease the potential bias that occurs when reporting results from a single institution. However, there are several reasons why the data presented here require cautious interpretation. Various clinical and tumor variables could not be gathered from the SEER database, including patient performance status, duration of symptoms, imaging characteristics, and progression. Moreover, treatment characteristics, such as the dose of radiotherapy, chemotherapy, or surgical approach, could not be determined. A substantial number of patients in the national cohort had unknown tumor size (45% and 79% of those with GIAs and GIIAs, respectively). Slightly more than 40% of GIIAs in this cohort had an unknown extent of resection. This amount of missing data could confound survival analyses; therefore, we decided to not explicitly compare the effects of GTR and STR on survival. Finally, as there is no central pathology review of cases in the SEER database, misdiagnosed cases may be present. However, studies examining other cancers have demonstrated an acceptable rate of concordance between a patient's pathology and its coded representation in a cancer registry. 5 Despite these limitations, these data add considerably to our understanding of cerebellar low-grade astrocytoma in adults.
Conclusions
Together, cerebellar WHO Grade I and II astrocytomas in adults have a much more favorable survival curve than similar supratentorial tumors. Our research demonstrates that the primary driver of this phenomenon is the improved survival in patients with cerebellar Grade II gliomas relative to that in patients with supratentorial Grade II gliomas. Our findings suggest that the worse survival of patients with supratentorial Grade II gliomas may be attributable to the decreased use of resection in such cases.
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